ABSTRACT Biomolecular computing devices always work in a complex biochemical environment. The weight which shows the importance degree of a specific signal may vary in different environments because it may be influenced by other signals even in the absence of direct interaction. To measure a signal accurately, several biomolecular computing devices always need to be used to detect environmental factors. This study describes a novel method to determine the varied weight of a specific signal in different environments using the differential expression of a gene to avoid using several biomolecular computing devices. We constructed and verified a signal varied weight indicator (SVWI) in the bacterium Escherichia coli using the lac operon, P tet promoter system, and the clustered regularly interspaced short palindromic repeats/DNase-dead Cpf1 system. The SVWI could indicate the varied weight of an isopropyl β-d-thiogalactoside signal in three states: existing, non-existing, and existing with another signal of anhydrotetracycline, based on the controllable differential expression of the lacZ gene. It could also be used to indicate three different kinds of environments. The quantitative reverse transcription polymerase chain reaction, which is a traditionally used method to detect gene expression levels, was used to detect the results. The experimental results in the wet lab showed that SVWI can implement the expected functions. The SVWI has great potential in the application of biomedical, biocomputing, biosensors, and environmental monitoring. It will also inspire further research on the construction of biomolecular computing devices using controllable differential gene expression.
I. INTRODUCTION
Organisms are natural information-processing devices. Currently, biomolecular computing, which performs computation using biomolecules both in vivo and in vitro, has made great progress [1] - [4] . A lot of biomolecular computing devices, such as logic gates [5] , cellular recorders [6] - [8] , digital information storage devices [9] , [10] , arithmetic logic units [11] , digital comparator [12] , adder and subtractor [13] , [14] , NP-problem solving devices [15] , as well as bacteria and plasmid computing systems [16] , have been developed in recent years.
One of the biggest advantages of biomolecular computing devices is that they can interface with nature to perform biochemical tasks. Compared to electronic computing devices, biomolecular computing devices always face
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complex biochemical environment, which may include various signals. For a specific signal, its weight, which shows the importance degree, may vary in different environments. For example, if a given environment only contains lactose as an energy source, it becomes vital for Escherichia coli (E. coli) growth. However, if an environment contains both lactose and glucose, lactose becomes inessential for E. coli growth because it is easier to use glucose as a source of energy. Consequently, the weight of lactose varies in these two environments. Antibody to hepatitis b surface antigen (anti-HBs) provides another example of the environmentbased varied weight of signal. If anti-HBs is only present in blood, it indicates vaccination. If both anti-HBs and antibody to hepatitis b core antigen (anti-HBc) are present in blood, it indicates previous infection. The weight of antiHBs is also quite different in the two environments. Besides, the weight of many signals in biomedical or biocomputing also vary in different environments. Thus, the varied weight in different environments is important for making right judgment to advance the decision-making in computing tasks.
Though the research on varied weight with time and concentration has attracted attention [8] , [17] , there is few studies focus on how to indicate the varied weight in different environments. To determine the varied weight in different environments using the existing biomolecular computing devices, several devices, such as AND gate, XOR gate, and NOT gate, need to be used simultaneously to determine the kinds of signals present. This process is time-assuming and arduous. Thus, it becomes important to explore how to conveniently indicate the varied weight of a signal in different environments. In this study, we explored an easy way to indicate the varied weight in different environments using controllable differential gene expression.
In this study, we have presented a signal varied weight indicator (SVWI) in the bacterium E. coli. It can indicate the varied weight of a specific signal of isopropyl β-d-thiogalactoside (IPTG) in three states: existing, nonexisting, and existing with another signal of anhydrotetracycline (aTc), based on the controllable differential expression of lacZ gene. It also can be used to indicate the three different kinds of environments. The SVWI was realized by using the lac operon, P tet promoter system, and the clustered regularly interspaced short palindromic repeats/DNase-dead Cpf1 (CRISPR/ddCpf1) system. The quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to detect the results. This study provides a way to detect the varied weight in different environments. Besides, it can also inspire further research on the construction of biomolecular computing devices using controllable differential gene expression.
II. BACKGROUND A. THE lac OPERON
The lac operon can express lacZ protein under the regulation of IPTG. When there is no IPTG in the cell, the LacI protein binds to the operator of the operon, thereby physically preventing RNA polymerase from attaching to the promoter and transcribing the lacZ gene. When IPTG is present in the cell, it binds to the LacI protein, which causes a conformational change of LacI protein, thereby releasing it from the DNA. Once the operator is free, RNA polymerase has space to bind to the promoter and begin the transcription of lacZ gene. The research of lac operon is very mature, and the principle of its regulation is used to construct cellular computing devices [8] .
B. THE P tet PROMOTER SYSTEM
The P tet promoter system can initiate the transcription under the control of aTc. It can express tetR protein constitutively. When there is no aTc in the cell, the tetR protein binds to the operator of the promoter system to prevent transcription. When aTc is present in the cell, it binds to the tetR protein to activate the transcription. Previous studies have shown that the P tet promoter system is orthogonal with the lac operon and can, therefore, not interact with it [8] .
C. THE CRISPR/ddCpf1 SYSTEM
The CRISPR/ddCpf1 system is a novel system for repressing gene expression [18] . It consists of a ddCpf1 and CRISPR RNA (crRNA). The latter is a short, approximately 40-nt RNA sequence, which is programmable according to specific requirements. It possibly guides the crRNA/ddCpf1 complex to bind to the target sequence, thereby blocking the transcription elongation. The CRISPR/ddCpf1 system is highly specific and programmable; therefore, it has the potential to be applied in a broad variety of fields.
D. qRT-PCR
qRT-PCR has become one of the most frequently used methods to detect gene expression [19] . It requires the reverse transcription of mRNA to cDNA because compared with mRNA, cDNA can be maintained in a stable form. The subsequent quantitative detection of cDNA using real-time polymerase chain reaction (PCR) can accurately reflect the gene expression level. For the real-time PCR step, SYBR Green, which is a fluorescent dye, is used to label PCR products generated during thermal cycling. Real-time PCR instruments measure the accumulating fluorescent signal during the exponential phase of the reaction for the fast and precise quantification of PCR products. The comparative Ct method is usually used to analyze the gene expression data obtained using real-time PCR [20] . Ct is defined as the PCR cycle number at which the reporter fluorescent signal is greater than the minimal detection level. The comparative Ct method compares the Ct value of the target gene to that of a reference gene using the following equations: 
III. DESIGN
The SVWI is realized by using controllable differential gene expression of a specific gene. For the signal to be measured, a report gene which could be induced by it is designated. Other signal shows the influence through the partial repression to the report gene. So the varied weight can be indicated by the differential gene expression. In this study, IPTG is the signal to be measured, and lacZ gene is designated as the report gene. The signal aTc shows the influence through the partial repression to the lacZ gene by P tet promoter system and crlacZ. Fig. 1 shows the genetic circuit of the SVWI. The lac operon, under the control of IPTG, is used to express lacZ. The P tet promoter system, under the control of aTc, drives the transcription of crlacZ, which in turn, targets the template strand of lacZ gene. A constitutive promoter P cons drives ddCpf1.
When only IPTG exists in the environment, it will drive the expression of lacZ in the lac operon. In absence of IPTG in the environment, lacZ cannot be expressed. When both IPTG and aTc are present in the environment, IPTG will drive the expression of lacZ while aTc will drive the transcription of crlacZ. The crlacZ/ddCpf1 complex will bind to the lacZ gene, and partially inhibit its expression. The difference in expression can be used to indicate the varied weight of IPTG.
IV. EXPERIMENT A. GENETIC CIRCUIT CONSTRUCTION
The strain and plasmids used to construct the SVWI are listed in Table 1 . E. coli MG 1655 and pddCpf1 were purchased from Tolo Biotech., Shanghai, China. The crlacZ sequence was 5 -CAACGTCGTGACTGGGAAAACCC-3 . To construct pTet-crlacZ, the plasmid pArab-crlacZ, preserved in our lab, was amplified with the primer pair crRNA_F and crRNA_R, and digested by DpnI to obtain fragment_1. The pRK415 purchased from Tolo Biotech was amplified with the primer pair tetR_F and tetR_R to obtain fragment_p1. The fragment_p1 was amplified with the primer pair tetR_F and TRE_R1 to obtain fragment_p2, which was subsequently amplified with the primer pair tetR_F and TRE_R2, and digested by DpnI to obtain fragment_2. Fragment_1 and fragment_2 were seamlessly ligated by an Ezmax one-step cloning kit (Tolo Biotech) to obtain pTet-crlacZ, which was verified by sequencing with the primer pair seq_F and seq_R (Tolo Biotech). Both pddCpf1 and pTet-crlacZ were co-transformed into E. coli MG 1655 using a standard heat-shock protocol to obtain the SVWI. All the primers were synthesized by Tolo Biotech. Table 2 lists all the primers used in this study.
B. USAGE CONDITIONS
For using the SVWI, cells were grown overnight in LuriaBertani (LB) medium with 100 µg/ml ampicillin and 50 µg/ml kanamycin. After that, cells were diluted at 1:100 and grown until OD 600 reached approximately 0.6. At the desired OD 600 , the signals were added and cells were grown further for 6-8 h.
C. FUNCTIONAL ASSAY
The qRT-PCR was used to detect the results of this study. After constructing the SVWI, its function was assayed under three conditions: group 1, no input; group 2, 0.5 mM IPTG; and group 3, 0.5 mM IPTG and 100 ng/mL aTc. Total RNA was extracted using a ZR Fungal/ Bacterial RNA MiniPrep kit (Zymo Research, Irvine, CA) and then treated with DNase I (Takara, Shiga, Japan) to remove the residual DNA. A PrimeScript II 1st Strand cDNA Synthesis Kit (Takara) was used to reverse transcribe the RNA. Thereafter, PCR was performed with SYBR qPCR master mix (Takara); gapA gene was used as the reference gene. The gapA gene can produce glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH is the key enzyme for glycolysis, which supplies energy for all biological activities. It can stably express in E. coli and is usually used as the reference gene in qRT-PCR data analyses [18] , [21] . All primers used in qRT-PCR are listed in Table 3 . Three independent samples were used for analyses. Fig. 2 presents the qRT-PCR results (expression in group 1 was normalized to 1; the comparative Ct method was used to compute the fold change in gene expression). Fig. 2 shows that the expression of lacZ has obvious differences in these three groups, and it could indicate the weight of IPTG in different environments. For example, assuming that the computing formula of IPTG's weight is:
The weight of IPTG in these three environments is: weight(group1) = log 2 1 = 0 weight(group2) = log 2 183.3 = 7.5 weight(group3) = log 2 8.1 = 3
V. CONCLUSION
In this study, we have successfully constructed and verified a SVWI, which can show the varied weight of IPTG in three environments (none, only IPTG, both IPTG and aTc) through the differential expression level of the lacZ gene. It can also be used to indicate these three kinds of environments. In the absence of SVWI, two NOT gates are needed to judge the existence of IPTG and aTc, respectively; thus, the SVWI significantly reduces the workload required.
This study successfully realized the varied weight indication through the partial repression of lacZ expression. This is particularly beneficial from the appropriate selection of the promoter. The strength of P tet promoter is medium, and five tet operators were introduced in the P tet promoter system to prevent any leakage of expression. Though crlacZ, shows total repression in the reference [18] (T1 in the reference [18] ) under the control of a constitutive promoter, the current study shows that it can also realize the partial repression under the control of P tet promoter system. This is a preliminary study for indicating the varied weight of a specific signal in different environments. The SVWI constructed in this study only works in a specific situation. It is currently troublesome to apply it elsewhere. Though all the genetic components can be changed according to the plasticity of transcriptional networks, a lot of tedious work will be required to obtain the best combination of promoter and crRNA to realize partial repression. That's because the repression mechanism of CRISPR/ddCpf1 is still unknown, and there are only a few reference experimental datas.
The SVWI has great application potential. There are many situations where the varied weight may be indicated. For example, the weight of a signal at different temperatures, different signal combinations, different pH, different incubation times, and so on. The SVWI can determine a signal's weight under varying environments, so it is useful to advance the right judgment of the environments to make decisions. It has great application potential in the fields of biomedical, biocomputing, biosensors, and environmental monitoring.
This study provides a way to indicate the varied weight by using controllable differential gene expression. Looking forward, the combination of promoter engineering and CRISPR/ddCpf1 shows great potential for the controllable differential gene expression. CRISPR/ddCpf1 shows different repression levels through different crRNAs [18] . Varying the combinations of promoters and crRNAs will, therefore, allow the variation of gene expression levels. We also hope this study may inspire further research on the construction of biomolecular computing devices using controllable differential gene expression.
